Fulvestrant is recommended for patients with hormone receptor-positive (HR+) advanced breast cancer (ABC) who progress after aromatase inhibitor therapy. As most patients in this setting have already developed mechanisms of resistance to endocrine therapy, targeting biological pathways associated with endocrine resistance in combination with fulvestrant may improve outcomes. Therefore, evidence supporting a combinatorial treatment approach in the second-line setting was investigated based on a search of PubMed and ClinicalTrials.gov. Twenty-eight studies of targeted therapies plus fulvestrant as second-line treatment for HR+ ABC were identified, including three and six key randomized trials exploring cyclin-dependent kinase 4/6 (CDK4/6) inhibitors and phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) inhibitors plus fulvestrant respectively. Additional combinations with fulvestrant included inhibitors of epidermal growth factor receptors, androgen receptor, and the bromodomain and extra-terminal family of proteins. Across the studies reviewed with available data, the addition of targeted therapies to fulvestrant resulted in clinically meaningful improvements in progression-free survival compared with fulvestrant alone. While some challenging toxicities were observed, most adverse events could be effectively managed. Selection of second-line targeted therapy for use with fulvestrant should consider prior treatment as well as the mutation status of the tumor. In conclusion, available data indicate that fulvestrant combined with agents targeting mechanisms of endocrine resistance is a promising approach. The ongoing trials identified in this review will help further inform the selection of combination treatments with fulvestrant for HR+ ABC.
Introduction
Breast cancer is the most common cancer in women, with an estimated 2,400,000 cases and 523,000 deaths worldwide in 2015 [1] . Approximately 60-80% of breast cancer cases are hormone receptor-positive (HR+), and the highest incidence is observed in older, postmenopausal women [2] [3] [4] [5] . The standard of care for the treatment of HR+ breast cancer is endocrine therapy (ET), which blocks the growth-promoting effects of estrogen via the estrogen receptor (ER) [6, 7] . There are several types of ET available that work via the following mechanisms: selective ER modulators (SERMs; e.g., tamoxifen), which exert dual agonistic/antagonistic effects on ER transcription; third-generation aromatase inhibitors (AIs; e.g., letrozole, anastrozole, and exemestane), which inhibit estrogen biosynthesis; and the selective ER downregulator (SERD) fulvestrant, which binds and prevents ER dimerization, leading to rapid degradation and loss of cellular ER [3, 8] .
First-line endocrine therapies for HR+ advanced breast cancer (ABC) have been reviewed recently [9] . In the advanced and adjuvant settings, the SERM tamoxifen and AIs comprise the standard of care and are backbone ETs [6, 7, 10] . In patients with HR+ ABC, the addition of a cyclin-dependent kinase 4 and 6 (CDK4/6) inhibitor to an AI has prolonged progression-free survival (PFS) and is an option for first-line treatment of advanced disease [10] [11] [12] . Fulvestrant received U.S. Food and Drug Administration approval as a monotherapy in the first-line setting (for ET-naïve patients) [13] after significantly improving PFS compared with anastrozole in an ET-naïve population (corresponding to a 20% reduction in the risk of disease progression or death; hazard ratio [HR] 0.80 [95% confidence interval {CI} 0.64-1.0]; P < 0.049) [14] . Both treatments were associated with an acceptable safety profile, with the most common adverse events (AEs) among patients who received fulvestrant (500 mg) vs anastrozole (1 mg) being (≥ 10% any grade) arthralgia 17% vs 10%, hot flash 11% vs 10%, fatigue 11% vs 7%, and nausea 11% vs 10% [14] . Despite the advances in the first-line setting, endocrine resistance eventually develops and disease progresses [8, [15] [16] [17] .
In the second-line setting, fulvestrant is one of a variety of recommended options for patients with HR+ ABC with progression after AI therapy [6, 7, 10] . The use of second-line fulvestrant monotherapy in patients with HR+ ABC is well tolerated, but has limited efficacy [18, 19] . The phase 3 CONFIRM trial comparing single-agent fulvestrant 500 mg vs 250 mg reported median PFS intervals of 6.5 and 5.5 months respectively [18] . The statistically significant increase in PFS (HR 0.80 [95% CI 0.68-0.94]; P < 0.006) with no increased toxicity in the CONFIRM trial supported the use of the 500 mg dose [18] . Therefore, the recommended dose for fulvestrant is 500 mg injected intramuscularly on days 1, 15, and 29, and then once monthly [6] . The most common side-effects of single-agent fulvestrant 500 mg from the CONFIRM trial were (≥ 10% any grade; grouped terms) gastrointestinal (GI) disturbances (20%), joint pain (19%), and injection site reactions (14%) [18] . However, fulvestrant is extremely well tolerated overall, with rare occurrence of grade 3 adverse events (AEs), thus lending itself to combination therapy [8] . In a recent review, fulvestrant is the only ET that improved PFS and overall survival (OS) in both the first-and second-line treatment of HR+ ABC [20] .
One potential shortcoming of second-line fulvestrant monotherapy is that many patients in this setting have already developed resistance to ET [8, 18, 19, 21] . Studies have shown that common mechanisms of endocrine resistance include the upregulation of pathways downstream of ER signaling and adaptive cross-talk between ER and growth factor receptor signaling pathways [16, 22, 23] . Targeting the key biological pathways associated with endocrine resistance may be a rational approach for combination therapy with fulvestrant ( Fig. 1 ) [24] . Clinical trials of several types of targeted therapy in combination with fulvestrant in the second-line setting are either ongoing or have recently reported data. These include the CDK4/6 inhibitors palbociclib, ribociclib, and abemaciclib [19, 25, 26] ; the mammalian target of rapamycin (mTOR) inhibitors everolimus (mTOR complex 1 [mTORC1] inhibitor) and vistusertib (mTORC1 and mTOR complex 2 [mTORC2] dual inhibitor) [27, 28] ; and the phosphatidylinositol 3-kinase (PI3K) inhibitors buparlisib (pan-PI3K inhibitor), taselisib (PI3K p110β-sparing inhibitor), and alpelisib (PI3K p110α-specific inhibitor) [29] [30] [31] [32] .
Materials and Methods
We searched PubMed, oncology congresses, and ClinicalTrials.gov for trials investigating targeted agents plus fulvestrant in second-line HR+ ABC. The available efficacy and safety data in these study populations were then reviewed. All authors contributed to the writing of the manuscript, approved the final version, and were responsible for the decision to submit the manuscript for publication. Data sharing was not applicable to this article as no datasets were generated or analyzed.
Results

Summary of Search Results
Twelve key studies were selected for discussion in this review, including three randomized trials evaluating CDK4/6 inhibitors plus fulvestrant and six randomized trials evaluating PI3K/mTOR inhibitors plus fulvestrant. We also include additional trials of targeted combinations with fulvestrant, incorporating epidermal growth factor receptors, androgen receptor (AR), or the bromodomain and extra-terminal family of proteins (Table 1) [19, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
CDK4/6 Inhibition Plus Fulvestrant
CDK4/6 plays a key role in cell cycle progression, and its deregulation is a common feature of HR+ breast cancer [19, 39, 40] . ET-naïve and -resistant preclinical breast cancer cell lines are sensitive to CDK4/6 inhibition, and synergy is seen when CDK4/6 inhibitors are combined with ET [41] [42] [43] . Inhibition of CDK4/6 may overcome resistance to ET, as well as enhancing the efficacy of ET in patients with HR+, human epidermal growth factor receptor 2-negative (HER2−) ABC [19, 25, 26] . Three CDK4/6 inhibitors are currently approved for the treatment of ABC: palbociclib, ribociclib, and abemaciclib. Palbociclib, ribociclib, and abemaciclib are approved for combination therapy with an AI in the first-line ABC setting, based on positive study results [11, [44] [45] [46] [47] [48] . Palbociclib and abemaciclib are approved for combination therapy with fulvestrant in the second-line ABC setting [45, 47] , with abemaciclib also being approved as a monotherapy after ET and prior chemotherapy for ABC [47] .
PALOMA-3
PALOMA-3 was a multicenter, randomized, double-blind, placebo-controlled, phase 3 trial (NCT01942135) investigating the efficacy and safety of palbociclib (125 mg once daily [QD], days 1-21 of each 28-day cycle) plus fulvestrant (500 mg, per label) in women with HR+, HER2− ABC who had relapsed or progressed on prior ET [19, 49] . Relapse or progression was defined as that occurring on/after ET with an AI for postmenopausal women or tamoxifen for premenopausal or perimenopausal women (during or within 1 month after treatment in the advanced setting, or during or within 12 months of completing adjuvant therapy). One previous line of chemotherapy was allowed for advanced disease. The primary endpoint was investigator-assessed PFS according to Response Evaluation Criteria in Solid Tumors (RECIST; v1.1), and secondary endpoints included tumor tissue biomarkers (e.g., PIK3CA mutations) and safety. Fig. 1 Growth factor receptor signaling and the PI3K, mTOR, MAPK, ER, and CDK4/6 pathways in ER+ breast cancer. Akt protein kinase B, CoA coenzyme A, CoR coenzyme R, CDK4/6 cyclin-dependent kinase 4/6, E2F transcription factor E2F, eIF4B eukaryotic translation initiation factor 4B, ER estrogen receptor, ER+ estrogen receptor-positive, G growth, IRS1 insulin receptor substrate 1, MAPK mitogen-activated protein kinase, MEK methyl ethyl ketone, mTOR mammalian target of rapamycin, mTORC1 mammalian target of rapamycin complex 1, mTORC2 mammalian target of rapamycin complex 2, PI3K phosphatidylinositol 3-kinase, PI(3)P phosphatidylinositol 3-phosphate, PIP2 phosphatidylinositol (4,5)-bisphosphate, PIP3 phosphatidylinositol (3,4,5)-trisphosphate, PTEN phosphatase and tensin homolog, RAF rapidly accelerated fibrosarcoma, RB retinoblastoma protein, S synthesis, S6K S6 kinase, TF transcription factor A total of 521 patients were randomized 2:1 to receive palbociclib plus fulvestrant (n = 347) or placebo plus fulvestrant (n = 174). With regard to most recent treatment, these patients had received either adjuvant therapy (21% and 23% respectively) or treatment for advanced or metastatic breast cancer (79% and 76% respectively). Palbociclib plus fulvestrant was associated with a significant improvement in PFS vs placebo plus fulvestrant (9.5 vs 4.6 months; HR 0.46 [95% CI 0.36-0.59]; P < 0.0001). This improvement in PFS for palbociclib plus fulvestrant was observed in patients treated in the first-line advanced setting -patients who received neoadjuvant or adjuvant therapy only but no previous systemic therapy for metastatic breast cancer (MBC; 9.5 vs 5.4 months; HR 0.55 [95% CI 0.32-0.92]; P = 0.02) -and in patients treated in the second-line advanced setting (patients who received at least one previous systemic therapy for MBC; 9.9 vs 4.2 months; HR 0.43 [95% CI 0.33-0.57]; P < 0.0001). Palbociclib plus fulvestrant also exhibited a manageable safety profile [19] . Neither PIK3CA status, hormone receptor expression level, nor mutation status of the ER gene, ESR1, significantly affected treatment response [19, 50] . All-grade and grade 3/4 neutropenia occurred more frequently in patients treated with palbociclib plus fulvestrant (81% and 65% respectively) than with placebo plus fulvestrant (3% and 1% of patients respectively) [19] , which can be managed with palbociclib dose reductions and delays [51] . The overall mean index score from the European Quality of Life Five Dimensions selfadministered patient-reported outcomes questionnaire was significantly higher in patients treated with palbociclib plus fulvestrant compared with those treated with fulvestrant alone (0.74 vs 0.69; P < 0.05) [52] .
MONALEESA-3
MONALEESA-3 was a randomized, double-blind, placebocontrolled, phase 3 trial (NCT02422615) of ribociclib (600 mg QD, days 1-21 of each 28-day cycle) plus fulvestrant (500 mg, per label) for men and postmenopausal women with HR+, HER2− ABC who had received 0 or 1 line of prior ET [25] . Eligible patients included those with newly diagnosed, treatment-naïve, relapsed breast cancer that had progressed at any time during or following neoadjuvant ET with no prior treatment for metastatic disease, relapsed breast cancer occurring > 12 months post-adjuvant ET and having subsequently progressed after one line of ET for metastatic disease, or newly diagnosed ABC that had progressed after one line of ET. Prior chemotherapy (except neoadjuvant chemotherapy) was not permitted in this study. The primary endpoint was centrally assessed PFS according to RECIST v1.1, and secondary endpoints included centrally assessed OS (RECIST v1.1) and overall response rate (ORR) [25] .
A total of 726 patients were randomized 2:1 to receive ribociclib plus fulvestrant (n = 484) or placebo plus fulvestrant (n = 242). Patients received the study treatment either as firstline (49% ribociclib arm, 53% placebo arm; patients who had no [neo]adjuvant endocrine therapy or relapsed > 12 months after [neo]adjuvant endocrine therapy and were treatmentnaïve for advanced disease) or second-line (49% ribociclib arm, 45% placebo arm; patients who had received one line of endocrine therapy for advanced disease or relapsed ≤ 12 months from completion of [neo]adjuvant endocrine therapy) treatment [25, 53] . Ribociclib plus fulvestrant significantly improved PFS vs placebo plus fulvestrant (20.5 vs 12.8 months; HR 0.59 [95% CI 0.48-0.73]; P < 0.001), and improvement was consistent for first-line (HR 0.58; 95% CI 0.42-0.80) and second-line treatment (HR 0.57; 95% CI 0.43-0.74) for advanced disease [25] .
Most AEs with ribociclib plus fulvestrant were mild or moderate in severity. Grade 3 AEs reported in ≥ 10% of patients in either arm (ribociclib plus fulvestrant vs placebo plus fulvestrant) were neutropenia (47% vs 0) and leukopenia (13% vs 0), while neutropenia was the only grade 4 AE occurring in ≥ 5% of patients (7% vs 0) [25] . AE-related treatment discontinuations were rare (8% ribociclib plus fulvestrant vs 4% placebo plus fulvestrant), supporting the manageable safety profile of ribociclib-based combinations [25, 53] .
MONARCH-2
MONARCH-2 was a randomized, double-blind, placebocontrolled, phase 3 trial (NCT02107703) of abemaciclib plus fulvestrant in women with HR+, HER2-ABC who progressed on prior ET [26] . Patients were randomized 2:1 to receive abemaciclib (150 mg every 12 h on a continuous schedule [cont]) plus fulvestrant (500 mg, per label) or placebo plus fulvestrant, stratified by metastatic site (visceral, bone only, or other) and resistance to prior ET (primary vs secondary). Patients were required to have disease that progressed while receiving neoadjuvant or adjuvant ET, up to 12 months after adjuvant ET, or while receiving ET for ABC. Patients must not have received more than one ET or any prior chemotherapy for ABC. The primary endpoint was investigator-assessed PFS, with secondary endpoints of ORR and additional efficacy and safety endpoints.
A total of 669 patients were randomized to abemaciclib plus fulvestrant (n = 446) or placebo plus fulvestrant (n = 223). Of these patients, 25% had primary ET resistance, and the majority (59%) had received their most recent ET in the neoadjuvant or adjuvant setting. A significant improvement in PFS with abemaciclib plus fulvestrant vs placebo plus fulvestrant was observed (median PFS 16.4 vs 9.3 months respectively; HR 0.553 [95% CI 0.449-0.681]; P < 0.001 by log-rank test) [26] . In patients with measurable disease, the ORR for patients treated with abemaciclib plus fulvestrant was 48.1% vs 21.3% for those treated with placebo plus fulvestrant [26] . The most frequent treatment-emergent AEs in patients treated with abemaciclib plus fulvestrant vs placebo plus fulvestrant respectively, were diarrhea (86.4% vs 24.7%), neutropenia (46.0% vs 4.0%), nausea (45.1% vs 22.9%), and fatigue (39.9% vs 26.9%) [26] .
In summary, the addition of a CDK4/6 inhibitor to fulvestrant has shown excellent clinical efficacy in patients who have progressed on ET, with a manageable side-effect profile. The U.S. Food and Drug Administration has approved fulvestrant in combination with palbociclib or abemaciclib in women with disease progression following ET. As regulatory approval for second-line therapy with fulvestrant in combination with ribociclib is possible in the near future, physicians will face a three-way choice of which CDK4/6 inhibitor to combine with fulvestrant. Based on currently available data, such decisions may be influenced primarily by previous treatment regimens, respective side-effect profiles, and/or costs.
mTOR Inhibition Plus Fulvestrant
A well-studied mechanism of endocrine resistance is aberrant signaling through the PI3K-protein kinase B (Akt)-mTOR signaling pathway [54, 55] . mTOR is a serine/threonine protein kinase which is located both upstream and downstream of the PI3K pathway and regulates cell growth, proliferation, and survival via mTORC1 and mTORC2 [56] [57] [58] . Preclinical studies have shown that Akt can activate the ER pathway independently of estrogen availability and that mTOR inhibitors in combination with ET can overcome endocrine resistance [59] . Sensitivity to ET may be restored by treatment with mTOR inhibitors such as everolimus [59] .
The mTORC1 inhibitor everolimus is currently approved in combination with exemestane for treatment of patients with HR+, HER2− ABC after failure on letrozole or anastrozole therapy [60] . Approval was based on data from the phase 3 BOLERO-2 clinical trial, which reported improvements in PFS of 7.8 vs 3.2 months by investigator review (HR 0.45 [95% CI 0.38-0.54]; log-rank P < 0.001) in the everolimus plus exemestane arm vs the placebo plus exemestane arm [61] . A phase 2 trial is ongoing for the mTORC1 and mTORC2 dual inhibitor vistusertib [28] .
PrE0102
PrE0102 was a randomized, placebo-controlled, phase 2 trial (NCT01797120) of everolimus (10 mg daily) plus fulvestrant (500 mg, per label) in postmenopausal women with HR+, HER2− MBC with relapse during adjuvant AI therapy or progression after one or more AIs for ABC [27] . Patients could also have received up to one prior chemotherapy regimen for metastases. A total of 131 patients were randomized 1:1 to receive everolimus plus fulvestrant or placebo plus fulvestrant. Treatment arms were balanced for stratification factors, including prior chemotherapy for metastasis (18%). The primary endpoint of PFS was met, with a significant improvement in PFS with everolimus plus fulvestrant vs placebo plus fulvestrant (median 10.3 vs 5.1 months respectively; HR 0.61 [95% CI 0.40-0.92]; stratified log-rank P = 0.02) [27] . Treatment-related grade 3 AEs occurred more frequently with everolimus vs the placebo arm, including (≥ 5% of patients) stomatitis (oral mucositis; 11% vs 0), fatigue (6% vs 5%), and pneumonitis (6% vs 0) [27] . There were no grade 4 AEs in the everolimus arm and one (elevated aspartate aminotransferase [AST]) in the placebo arm [27] . It should be noted that prophylactic corticosteroid mouthwash was not used in this trial but has been shown to reduce the incidence and severity of stomatitis [62] . The addition of everolimus to fulvestrant had a manageable toxicity profile and showed clinical efficacy, suggesting this regimen could be a possible option for second-line therapy and beyond.
MANTA
MANTA is an ongoing, investigator-led, randomized, openlabel, phase 2 trial (NCT02216786) of fulvestrant plus vistusertib or everolimus in postmenopausal women with ER-positive (ER+) ABC [28] . Patients were randomized 2:3:3:2 to receive either fulvestrant alone (500 mg, per label), continuous vistusertib (50 mg twice daily [BID] cont) plus fulvestrant, intermittent vistusertib (125 mg BID 2 days on, 5 days off, intermittent [int]) plus fulvestrant, or everolimus (10 mg QD) plus fulvestrant. Randomization was stratified by the presence or absence of measurable disease and sensitivity or resistance to ET [33] . Patients were required to have disease recurrence on or within 12 months of completing adjuvant therapy with an AI, or progression within 1 month of completing AI therapy for locally advanced or metastatic disease. The primary endpoint was investigator-assessed PFS by RECIST [33] .
At the interim analysis, median PFS was: fulvestrant, 4.6 months (95% CI 3.4-6.9; n = 66); vistusertib (cont) plus fulvestrant, 7.5 months (95% CI 5.6-9.4; n = 101); vistusertib (int) plus fulvestrant, 7.6 months (95% CI 5.5-9.6; n = 95); and everolimus plus fulvestrant, 12.2 months (95% CI 7.5-14.3; n = 64) [28] . No significant difference in PFS was observed between the vistusertib (cont) plus fulvestrant arm vs fulvestrant arm (HR 0.87 [95% CI 0.62-1.23]; log-rank P = 0.42), vistusertib (int) plus fulvestrant arm vs fulvestrant arm (HR 0.78 [95% CI 0.55-1.12]; log-rank P = 0.16), or vistusertib (cont) plus fulvestrant arm vs vistusertib (int) plus fulvestrant arm (HR 1.11 [95% CI 0.81-1.52]; log-rank P = 0.52) [28] . In contrast, PFS was significantly longer in the everolimus plus fulvestrant arm vs vistusertib (cont) plus fulvestrant arm (HR 0.64 [95% CI 0.45-0.91]; log-rank P = 0.01) and in the everolimus plus fulvestrant arm vs fulvestrant arm (HR 0.64 [95% CI 0.43-0.94]; log-rank P = 0.02) [28] . The estimated date of final data collection for primary outcome measure is June 2019 [33] .
PI3K Inhibition Plus Fulvestrant
PI3Ks are heterodimers consisting of a p110 catalytic subunit and a p85 regulatory subunit. There are four catalytic isoforms encoded by their respective genes: p110α (PIK3CA), p110β (PIK3CB), p110δ (PIK3CD), and p110γ (PIK3CG) [63, 64] . The PI3K pathway is one of the most frequently activated in breast cancer [65, 66] . Activating PIK3CA mutations are frequently observed in HR+ breast cancer and associated with disease progression and resistance to ET [55, 56, [65] [66] [67] [68] [69] . In early clinical studies, PI3K inhibitors demonstrated limited single-agent activity; however, combining a PI3K inhibitor with fulvestrant has been shown to suppress hormoneindependent growth in vitro and induce marked tumor regressions in vivo [66, 68] . Phase 3 data are available for the pan-PI3K inhibitor buparlisib and the PI3K p110β-sparing inhibitor taselisib; a phase 3 trial is ongoing for the PI3K p110α-specific inhibitor alpelisib [29] [30] [31] [32] .
BELLE-2
BELLE-2 was a multicenter, randomized, double-blind, placebo-controlled, phase 3 trial (NCT01610284) of buparlisib (100 mg QD) plus fulvestrant (500 mg, per label) in postmenopausal women with HR+, HER2− ABC who progressed on or after AI therapy [29] . Eligible patients progressed within 12 months of receiving AI therapy in the adjuvant setting, or within 1 month for metastatic/ advanced disease. Patients could have received any number of lines of ET before or after being defined as refractory to AI therapy. Patients could have received other anticancer therapies before or after progression on an AI therapy, and up to one prior line of chemotherapy for advanced disease. Randomization was stratified by PI3K activation status (activated status included PIK3CA mutations or loss of PTEN expression) and visceral disease status. The co-primary endpoints were investigator-assessed PFS by RECIST v1.1 in the full population, in patients with known (activated/nonactivated) PI3K pathway tumor status, and in patients with activated PI3K pathway tumor status.
A total of 1147 patients were randomized to receive either buparlisib plus fulvestrant (n = 576) or placebo plus fulvestrant (n = 571); 73% and 75% respectively of these patients received prior ET in the metastatic setting, and 24% and 31% respectively received prior chemotherapy in the metastatic setting. BELLE-2 met one of its co-primary endpoints: the median PFS for patients in the full population (N = 1147) treated with buparlisib plus fulvestrant was 6.9 months vs 5.0 months for patients treated with placebo plus fulvestrant (HR 0.78 [95% CI 0.67-0.89]; one-sided P = 0.0002). However, the prespecified statistical significance for PFS was not reached in patients with PI3K pathway-activated tumors (n = 372), where the median PFS for buparlisib plus fulvestrant vs placebo plus fulvestrant was 6.8 vs 4.0 months respectively (HR 0.76 [95% CI 0.60-0.97]; one-sided P = 0.014 at a one-sided α = 0.01 level of significance) [29] . In patients with ctDNA PIK3CA mutations (n = 200), a clinically meaningful improvement in PFS was observed in patients treated with buparlisib plus fulvestrant vs those with placebo plus fulvestrant (median 7.0 vs 3.2 months respectively; stratified HR 0.58 [95% CI 0.41-0.82]; nominal one-sided P = 0.001), but not in those with wild-type PIK3CA (median 6.8 vs 6.8 months respectively; stratified HR 1.02 [95% CI 0.79-1.30]; nominal one-sided P = 0.557) [29] . The median duration of exposure to buparlisib was 1.9 months and to placebo was 4.4 months, and was limited by the increased rates of AEs leading to dose interruptions (50.6% vs 14.2%), reductions (45.0% vs 5.6%), and discontinuations (38.7% vs 4.9%) for buparlisib vs placebo. Of the AEs leading to discontinuation in the buparlisib arm, the most common were elevated alanine aminotransferase (ALT; 10.1%), elevated AST (7.0%), hyperglycemia (3.3%), depression (3.0%), and rash (2.8%) [29] .
BELLE-3
BELLE-3 was a randomized, double-blind, placebo-controlled, phase 3 trial (NCT01633060) of buparlisib (100 mg QD) plus fulvestrant (500 mg, per label) in postmenopausal women with HR+, HER2− ABC who received prior AI therapy and progressed on or within 30 days of combination therapy with ET plus mTOR inhibitor treatment [30] . Patients may have received up to one chemotherapy regimen for ABC. The primary endpoint was investigator-assessed PFS by RECIST v1.1, the key secondary endpoint was OS, and other secondary endpoints included: ORR and clinical benefit rate (CBR) in the full population; PFS, OS, ORR, and CBR based on ctDNA PIK3CA status; and overall safety, pharmacokinetics, and quality of life.
A total of 432 patients were randomized 2:1 to receive buparlisib plus fulvestrant or placebo plus fulvestrant. PFS was significantly prolonged with the addition of buparlisib to fulvestrant (median 3.9 vs 1.8 months respectively; HR 0.67 [95% CI 0.53-0.84]; one-sided P < 0.001) [30] . When PIK3CA mutation status was determined by ctDNA (n = 348), PFS benefit was higher in patients with PIK3CA mutations who were treated with buparlisib plus fulvestrant vs placebo plus fulvestrant (median 4.2 vs 1.6 months respectively; HR 0.46 [95% CI 0.29-0.73]) than in those with wild-type PIK3CA (median 3.9 vs 2.7 months respectively; HR 0.73 [95% CI 0.53-1.00]) [30] . Similar results were observed when PIK3CA mutation status was determined using tumor tissue [30] . The rate of adverse events was higher in the buparlisib arm; the most frequent adverse events in the buparlisib plus fulvestrant and placebo plus fulvestrant arms, respectively, were elevated ALT (38.9% vs 7.1%), elevated AST (37.2% vs 10%), hyperglycemia (35.8% vs 2.9%), nausea (34.4% vs 17.9%), diarrhea (26.0% vs 9.3%), and fatigue (23.3% vs 18.6%) [30] . Due to the toxicity associated with the combination of buparlisib and fulvestrant, no further studies are being pursued [29] .
SANDPIPER
SANDPIPER was a randomized, double-blind, placebocontrolled, phase 3 trial (NCT02340221) of the PI3K p110β-sparing inhibitor taselisib (4 mg QD) plus fulvestrant (500 mg, per label) in postmenopausal women with ER+, HER2− locally advanced or metastatic breast cancer with recurrence or progression during or after AI therapy, enriched for patients with PIK3CA-mutant tumors [32] . No more than one prior line of chemotherapy for ABC was allowed. Patients were randomized 2:1 to receive either taselisib plus fulvestrant or placebo plus fulvestrant, stratified by visceral disease, endocrine sensitivity, and geographic region. Patients with PIK3CA-mutant tumors were randomized separately from those with non-mutant tumors. The primary endpoint was investigator-assessed PFS in patients with PIK3CA-mutant tumors. Other endpoints included OS, ORR, CBR, duration of response, and safety [32] .
Of 631 patients recruited, 516 with PIK3CA-mutant tumors were randomized 2:1 to receive taselisib plus fulvestrant (n = 340) or placebo plus fulvestrant (n = 176); these patients had received either adjuvant therapy (60% and 68% respectively), endocrine therapy for metastatic breast cancer (75% and 69% respectively), or tamoxifen (49% and 49% respectively) [32] . Taselisib plus fulvestrant significantly improved PFS vs placebo plus fulvestrant in patients with PIK3CA-mutant tumors (7.4 vs 5.4 months; HR 0.70 [95% CI 0.56-0.89]; P = 0.0037); ORR (28% vs 12%), CBR (52% vs 37%), and duration of response (8.7 vs 7.2 months) also favored taselisib plus fulvestrant vs placebo plus fulvestrant (OS data were immature) [32] . Grade ≥ 3 AEs were more frequent with taselisib plus fulvestrant (50%) vs placebo plus fulvestrant (16%); GI toxicities and hyperglycemia were the most frequent AEs with taselisib plus fulvestrant [32] . Treatment discontinuations due to AEs were frequent among patients treated with taselisib plus fulvestrant (17% vs 2% among patients treated with placebo plus taselisib); approximately 50% of AE-related taselisib discontinuations were due to GI toxicities, particularly diarrhea. With such a challenging toxicity profile, taselisib plus fulvestrant may have limited clinical benefit in this setting [32] .
SOLAR-1
SOLAR-1 is an ongoing, randomized, double-blind, placebocontrolled, phase 3 trial (NCT02437318) of the PI3K p110α-specific inhibitor alpelisib plus fulvestrant in men and postmenopausal women with HR+, HER2− ABC progressing on or after any AI therapy (letrozole, anastrozole, or exemestane) [31] . Eligible patients can be newly diagnosed with progression after only one line of ET, or relapsed or progressed within 12 months of (neo)adjuvant ET with or without progression after only one subsequent line of ET [34] . Only (neo)adjuvant chemotherapy is allowed. Patients are randomly (1:1) assigned alpelisib (300 mg QD) plus fulvestrant (500 mg, per label) or placebo plus fulvestrant until disease progression or treatment discontinuation. Patients are stratified according to the presence of liver and/or lung metastases and prior use of CDK4/6 inhibitors. The primary endpoint of the study is investigator-assessed PFS by RECIST v1.1 in patients with known PIK3CA mutant status. OS is the key secondary endpoint, and other secondary endpoints include the association between PFS and baseline ctDNA PIK3CA status, ORR, CBR, and safety. The estimated date of final data collection for primary outcome measure is May 2018 [34] .
Additional Targeted Combinations Plus Fulvestrant
Tyrosine Kinase Inhibition Plus Fulvestrant
HER2 mutations occur in approximately 2% of breast cancers, and preclinical models have suggested that neratinib, an irreversible HER2/epidermal growth factor receptor tyrosine kinase inhibitor, might be an effective treatment for patients with HER2-mutant breast cancer [35] . A non-randomized phase 2 trial (NCT01670877) of neratinib with or without fulvestrant in patients with metastatic HER2 non-amplified (HER2−) but HER2-mutant breast cancer is currently recruiting patients. Patients will be allocated to one of four treatment arms: 1) neratinib alone, 2) neratinib alone in ER− patients, 3) neratinib plus fulvestrant in fulvestrant-naïve ER+ patients, and 4) neratinib plus fulvestrant in fulvestrant-experienced ER+ patients [35, 36] . The neratinib single-agent arm of this study met its primary endpoint, with a CBR of 36% in a heavily pretreated patient population [35] . Given that most patients enrolled in the study had ER+ tumors, the combination of neratinib plus fulvestrant in this population will be of interest [35] .
Androgen Receptor Inhibition Plus Fulvestrant
In breast cancers, androgen receptors are more widely expressed than estrogen-α receptors or progesterone receptors [70] . AR overexpression increases resistance to tamoxifen in both breast cancer cells in vitro and in xenograft models [71] . De-novo or acquired resistance to anti-estrogen therapies, therefore, may be due to tumor cells adapting from estrogen dependence to androgen dependence [71, 72] .
Enzalutamide is an AR signaling inhibitor that impairs nuclear translocation and has no known agonistic activity at effective doses. As ARs are found in up to 90% of breast cancers and the AR signaling pathway is reported to have potential in mitigating resistance to anti-estrogen therapies, enzalutamide is a compelling candidate targeted agent for combination with fulvestrant for post-endocrine treatment of patients with HR+ ABC [73, 74] . A phase 2 trial (NCT02953860) is currently enrolling women with HR+, HER2− ABC to evaluate the safety and tolerability of enzalutamide (160 mg QD) plus fulvestrant (500 mg, per label). Patients include all those who are eligible for fulvestrant; exclusion criteria include prior treatment with anti-androgen therapy and systemic estrogens or androgens within 14 days prior to study treatment [37] . The primary endpoint of this study is CBR, and secondary endpoints include AR expression in breast tissue biopsies, PFS, ORR, and AR signaling in breast cancer tissue [37] .
Bromodomain and Extra-Terminal Inhibition Plus Fulvestrant
The bromodomain (BRD) and extra-terminal (BET) family comprises BRD2, 3, and 4, and bromodomain testisassociated protein, all of which are functionally linked to pathways important in cellular viability and cancer development [75] . BRD4, the best characterized BET protein, is critical for cell cycle progression and promotes ESR1 transcription [75, 76] which, in turn, contributes to tamoxifen resistance [77] . Inhibition of BET proteins selectively suppresses key oncogenic drivers [78, 79] and may be an attractive therapeutic target for ER+ breast cancer [80] .
GS-5829 is an oral BET inhibitor currently being investigated in combination with fulvestrant (500 mg, per label) or exemestane (25 mg QD) in patients with ER+, HER2− ABC in a phase 1b/2 study (NCT02983604). The primary outcome measure of the phase 1 dose escalation is the incidence of doselimiting toxicities at each dose level of GS-5829. For the phase 2 part of the study, the primary outcome measure is PFS. Secondary endpoints include pharmacokinetics of GS-5829, safety, ORR, CBR, and OS. Recruitment is currently ongoing [38] .
Discussion
This literature review demonstrates that fulvestrant is an appropriate and well-tolerated treatment backbone for combining with targeted agents to improve PFS in patients with HR+ ABC in the second-line setting. Across the studies reviewed, the addition of targeted therapy to fulvestrant resulted in clinically meaningful improvements in PFS compared with fulvestrant alone. In these studies, outcomes with fulvestrant alone in the second-line setting were usually poor, with median PFS typically < 6 months [19, 27, 29, 30] . Fulvestrant was generally well tolerated, and the addition of targeted therapy to fulvestrant did not appear to have cumulative effects that increased incidences of individual AEs. When combined with fulvestrant, the safety profiles of the approved CDK4/6 inhibitors appear largely predictable and consistent with previous findings. Safety was generally comparable across the three agents, with the notable exception of increased GI AEs reported with abemaciclib (in MONARCH-2, diarrhea was the most frequent serious AE possibly related to abemaciclib plus fulvestrant) [19, 25, 26] . Although high rates of grade 3/4 neutropenia were reported with palbociclib plus fulvestrant in PALOMA-3 [19] and ribociclib plus fulvestrant in MONALEESA-3 [25] , neutropenia can be well managed with recommended dose reductions and delays [6] . For everolimus plus fulvestrant, increased rates of hyperglycemia and stomatitis were observed compared with fulvestrant alone [27] . These particular AEs are known side-effects of everolimus and can be resolved effectively using dose modification/interruption of everolimus and, in the case of stomatitis, prevented by the use of dexamethasone mouthwash [62] . For buparlisib plus fulvestrant, increased liver toxicity and hyperglycemia were observed compared with fulvestrant alone, as well as increased mood disorders (anxiety and depression) [29, 30] . These toxicities associated with pan-PI3K inhibition represented a clinically relevant challenge and, consequently, no further clinical trials are planned for buparlisib in the treatment of breast cancer, despite preliminary indications that PI3K inhibitors might be efficacious when combined with fulvestrant in this setting. Despite being β-sparing, taselisib still targets multiple isoforms of PI3K, and its combination with fulvestrant in the phase 3 SANDPIPER trial resulted in a challenging safety profile that included GI toxicities, hyperglycemia, and enough treatment discontinuations to have potentially limited its clinical benefit [32] . Clinical data for alpelisib remain immature, but early data indicate a manageable safety profile [81] . Data from the phase 3 SOLAR-1 trial of alpelisib are yet to be reported.
When considering the sequence and selection of an appropriate targeted therapy for combination with fulvestrant in the second-line setting, it should be noted that the results from different trials cannot be compared directly. This is due to differences with regard to permitted prior ET and whether patients were treated in the second-line setting only, or in both the first-and second-line settings (and beyond). For example, PALOMA-3 specified the type of ET by menopausal status and allowed one previous line of chemotherapy for advanced disease [19] , MONARCH-2 did not require any specific type of prior ET and did not allow previous chemotherapy for metastatic disease [26] , and MONALEESA-3 allowed treatmentnaïve patients as well as patients who had received up to one previous line of endocrine therapy for advanced disease [25] . Therefore, treatment decisions should consider the first-line treatment that individual patients received as well as the current mutation status of the tumor. For example, many patients with ER+ ABC may receive an AI plus CDK4/6 inhibitor in the first-line setting and, therefore, alternative targeted therapeutic options might be required in subsequent lines. The clinical efficacy of fulvestrant with CDK4/6 inhibition after progression on a first-line CDK4/6 inhibitor is unknown and the ideal sequence of therapy requires further investigation. In this regard, the BYLieve study (NCT03056755) is investigating treatment with the PI3K inhibitor alpelisib plus ET in patients with HR+, HER2− ABC who progressed on or after CDK4/6 treatment with an AI or fulvestrant [82] . A key inclusion criterion of the BELLE-3 study of buparlisib plus fulvestrant was progression on an mTOR inhibitor, the rationale being that mTORC1 inhibition elicits Akt phosphorylation (feedback activation), which PI3K inhibitors abrogate or attenuate [30] . This rationale appears to be supported by the fact that PFS was significantly prolonged in patients treated with buparlisib plus fulvestrant compared with those treated with placebo plus fulvestrant [30] .
Multiple studies have analyzed the effects of tumor mutation status on PFS [29] [30] [31] . In PALOMA-3, treatment with palbociclib plus fulvestrant resulted in a numerically longer median PFS in patients without detectable PIK3CA mutations vs those with PIK3CA mutations, although this difference was not significant [19] . In the BELLE-2 and BELLE-3 studies, PFS was significantly prolonged in patients with ctDNA PIK3CA-mutant status who were treated with buparlisib plus fulvestrant vs placebo plus fulvestrant, but not in those with wild-type PIK3CA [29, 30] . Across the studies reviewed, PIK3CA mutation status appears generally to be an indicator of poor response to fulvestrant alone and of greater benefit from the addition of a PI3K inhibitor to fulvestrant. Further, the addition of fulvestrant to the tyrosine kinase inhibitor neratinib is being investigated in patients with HER2 mutations [36] .
Conclusions
Due to adaptive cross-talk between ER and growth factor receptor signaling pathways, the addition of fulvestrant to small-molecule inhibitors targeting various activated pathways in ER+ ABC shows synergy and greater benefit than either therapy alone. Data from ongoing trials of CDK4/6 inhibitors, PI3K inhibitors, and other targeted therapies (e.g., tyrosine kinase inhibitors and AR inhibitors) will help identify further therapeutic options for fulvestrant-based treatment combinations in the second-line setting.
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